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Abstract: 
Understanding the effect of machining on the structure and property of 
subsurface layer of ultra high molecular weight polyethylene (UHMWPE) can 
significantly facilitate the increase in longevity of artificial joints. This study was 
performed to investigate the machining effects on the polymeric structure and 
tribological properties. Machining parameters include cutting speed, tool feed rate 
and depth of cut. Temperature rise was studied during machining to assess the 
extent of thermal degradation due to machining. Polymeric structure of the 
semicrystalline polymer was characterized using differential scanning calorimetry 
(DSC) in terms of melting enthalpy, crystallinity and melting temperature. Surface 
texture and hardness were also related to machining conditions. Changes in 
structure and surface texture caused by machining were related to the tribological 
behavior of machined UHMWPE. 
The temperature rise observed under the studied machining conditions was 
no more than 6°C and the half peak duration for temperature rise was less than 13 s. 
Therefore, thermal degradation of the polymer caused by machining could be 
marginal. When the same ratio of cutting speed and tool feed rate was kept, higher 
cutting speed and tool feed rate showed lower temperature rise on the UHMWPE. 
Melting temperature of UHMWPE decreased due to decrease in crystallinity 
and molecular chain length caused by machining. The higher the cutting speed, the 
11 
more damage was caused on the polymeric structure. The change in tool feed rate 
and depth of cut had no significant effects on structure of machined UHMWPE. 
Surface roughness of machined UHMWPE was improved as the cutting speed 
increased. As the tool feed rate increased, surface roughness (RJ increased. There 
was an optimum depth of cut for the best surface finish, which was 0. 2 mm in this 
research. Durometer hardness did not change significantly as machining parameters 
varied. 
Coefficient of friction of metal pin on UHMWPE had static and dynamic 
characteristics during the reciprocal dry sliding test. At the beginning of each half 
cycle, coefficient of friction was higher than average. At the end of each half 
cycle, coefficient of friction was lower than the average. The average coefficient 
of friction increased quickly within the first 60 seconds. Then the coefficient of 
friction increased very slowly. The initial average coefficient of friction was in the 
range of 0. 12 to 0. 15. After one hour of sliding, the average of coefficient of 
friction was in the range from 0.17 to 0.23. No significant correlations were found 
between depth of cut and coefficient of friction or between cutting speed and 
friction coefficient. However, coefficient of friction decreased as cutting speed 
increased when the same ratio of cutting speed to tool feed rate was maintained. 
Increase in cutting speed caused more damage on the structure of machined 
UHMWPE. Wear factor decreased as cutting speed increased if tool feed rate was 
lll 
kept unchanged. Wear factor increased as cutting speed increased when the ratio of 
cutting speed and tool feed rate was kept constant. There was an optimum depth of 
cut for the best surface roughness and wear resistance, which was about 0. 2 mm under 
the studied condition. Optical micrograph analysis showed severe plastic deformation 
and material flow occurred in subsurface of machined UHMWPE at an early wear 
stage. 
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CHAPTER I 
INTRODUCTION 
1 
In 1962, Professor Charnley adopted ultra-high molecular weight 
polyethylene (UHMWPE) as the socket material of his low friction arthroplasty hip 
using a stainless steel femoral component (Dowson & Wallbridge, 1985). This 
material has now been used almost exclusively in total replacement joints for nearly 
30 years. The relief of pain and increase in mobility of a patient produced by this 
procedure has made it one of the most common major surgical procedures today. 
It was estimated that the number of prostheses implanted annually was 
approximately 500,000 worldwide (Fisher & Dowson, 1991). 
Clinical studies have monitored the in vivo performance of these implants 
and have shown that during the first ten years after implantation less than ten 
percent require revision surgery (Wroblewski, 1986). However, with devices 
being used in ever younger and more active patients, demands on these 
procedures are always being increased. If the surgical procedure is successful and 
the prosthesis correctly located without any infection of the tissue surrounding the 
device, the long term wear and instability of the polymer component may be the 
cause of failure of the prosthesis. 
The wear of UHMWPE and the generation of wear debris are now 
recognized as important factors in the long term performance of artificial joints. 
2 
The penetration of UHMWPE wear debris along the bone implant interface 
stimulates cellular activity which in turn mediates bone resorption. It is likely that 
such tissue reactions contribute to the loosening of prosthetic components, pain 
and the need for revision operations. This has prompted renewed interest in 
laboratory tests and simulator studies of the wear of UHMWPE. 
The UHMWPE artificial joint parts are made by machining the semifinished 
stock. The sub-surface structure and properties of machined UHMWPE play an 
important role in the initial wear of the material. This research was conducted to 
study the effects of machining on the sub-surface structure, and friction and wear 
properties of UHMWPE. 
1.1 Statement of Research 
The purpose of this research was to study the machining effects on the sub-
surface structure and properties as well as friction and wear behavior of 
UHMWPE. Machining variables include cutting speed, tool feed rate and depth of 
cut. Temperature rise and the duration of the temperature change during 
machining was studied to further understand the machining process. The surface 
characteristics was assessed in terms of surface roughness, hardness and the 
molecular structure of the sub-surface layer. The molecular structure of the sub-
surface layer was characterized by differential scanning calorimetry (DSC) analysis 
of machined UHMWPE chips. Tribological behavior of the material in terms of 
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the coefficient of friction and wear factor was investigated during the early stage of 
the sliding process. 
1.2 Significance of Research 
This research revealed the relationships between the machining parameters, 
the sub-surface structure and properties, and the tribological properties of 
machined UHMWPE. The research was designed to determine the best 
combinations of machining parameters to produce UHMWPE parts with the least 
surface damage and best surface and wear properties for ultimately improving the 
longevity of the artificial joints. It is hoped that the results of the study will help 
control the machining process of UHMWPE to reduce the mechanical and thermal 
degradations of the material and improve the longevity of the joints. The basic 
understanding of machining process of UHMWPE will also benefit other industries 
dealing with the machining of this material. 
1.3 Definitions 
The following terms and definitions are essential to the understanding of 
the research. 
1. Ultra high molecular weight polyethylene (UHMWPE). A high density 
polyethylene with a molecular weight over 3 x 106• Chemically, high density 
polyethylene and UHMWPE are identical; and both are straight-chain linear 
polymers. Crystallinity of UHMWPE is typically about 45% (Mark, Bikales, 
4 
Overberger, Menges, & Kroschwitz, 1986). 
2. Molecular Structure. The term molecular structure for polymers is used 
principally to describe specific repeat-unit structure, sequencing of repeat units, 
composition, composition distributions, degree of polymerization, molecular 
weight, molecular weight distribution and the polymer-chain skeletal structure. 
3. Mechanical deiuadation. Stretching, grinding, milling, and other 
polymer shearing processes produce free radicals, lower the molecular weight and 
change the molecular weight distribution, and reduce the crystallinity of the 
polymers in the deformed layer. 
4. Thermal degradation. The polymer chain cleavage, the chain branching 
and sometimes cross-linking reaction of polymers take place during the heating 
process. The thermal degradation is frequently a destructive process and always 
accompanied with a drop in molecular weight. 
5. Differential scanning calorimetry (DSC). A technique which records the 
energy necessary to establish zero temperature difference between a sample and a 
reference material against either time or temperature. The two specimens are 
subjected to identical conditions in an environment heated or cooled at a controlled 
rate. Usually a DSC device can measure the melting temperature of a material 
much more precisely than its melting enthalpy. DSC analysis is a very effective 
way to study polymeric structural changes, such as glass transition and melting 
transition. 
1.4 Assumptions 
This study assumed that the UHMWPE blocks had uniform molecular 
structures, physical properties, chemical compositions and mechanical properties. 
1.5 Limitations 
The findings of this study were limited by the following parameters. 
1. The quality of the UHMWPE material was controlled by the supplier. 
2. Accuracy of machining parameters was influenced by human error, 
measuring device error and some uncontrollable variables such as fluctuations in 
power and surrounding temperature. 
3. Accuracy of the test results was influenced by human error and the 
testing equipment errors. 
1.6 Delimitations 
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1. The processing and testing equipment were delimited to those available 
at Eastern Illinois University, except that the DSC analysis was conducted at the 
University of Illinois at Urbana-Champaign. 
2. UHMWPE and the milling cutter used in this study were supplied by 
Osteonics in New Jersey. 
3. The maximum spindle speed used in this research was 4500 
rev. min.-1 (rpm). The maximum tool feed rate used was 14.82 mm s-1 (35 in/min.). 
Those are the highest rates attainable in the Production Laboratory in the School 
of Technology at Eastern Illinois University. 
4 The DSC analysis was conducted in a Dupont 2000 DSC system. The 
analysis was carried out by one operator. Each batch of the DSC samples was 
tested consecutively in the same calibration period. 
1.7 Hypothesis 
1) The rotation speed of cutter affected the subsurface structure. 
2) The depth of cut affected the subsurface structure. 
3) The feed rate affected the subsurface structure. 
4) The rotation speed of cutter affected the surface texture. 
5) The depth of cut affected the surface texture. 
6) The feed rate affected the surface texture. 
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2.1 UHMWPE 
CHAPTER II 
LITERATURE REVIEW 
7 
Ultrahigh molecular weight polyethylene (UHMWPE) is a high density 
polyethylene with a molecular weight over 3 x 106• Chemically, the molecular 
weight of high density polyethylene (HDPE) is rarely above 50,000, whereas that 
ofUHMWPE is above 3 x 106 and some times as high as 6 x 106• Crystallinity of 
UHMWPE is typically about 45% (Mark, Bikales, Overberger, Menges, & 
Kroschwitz, 1986). 
The long molecular chain of UHMWPE offers the polymer a superior 
abrasion resistance, high impact toughness even at cryogenic temperatures, good 
corrosion resistance and excellent environmental stress-crack resistance. It also 
has good resistance to cyclical fatigue; noise and shock abatement properties; low 
coefficient of friction and resistance to radiation. In addition, UHMWPE has been 
approved by the FDA and USDA for pure water and food handling. 
The polymerization process for UHMWPE employs a Ziegler catalyst 
similar to that for conventional HDPE. The process can be batch or continuous. 
Most UHMWPE is produced by a slurry process, but both solution and bulk 
processes are applicable. The polymer is supplied as a fine powder that can be ram 
extruded or compression molded. 
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2.1.1 Processing. 
Because of its extremely high molecular weight, UHMWPE resin cannot be 
readily processed by thermoplastic melt-processing techniques such as injection 
molding, blow molding, thermoforming, or screw extrusion. The long-chain 
molecules do not melt or flow like other thermoplastic resins. For example, a 
block ofUHMWPE heated well above the crystalline melting point (130°C) does 
not change in shape, but only in appearance from opaque to clear, indicating the 
disappearance of crystal structure. Nevertheless, UHMWPE resin can be 
processed by compression molding into sheet, block, and precision parts; ram 
extruding into board, rods, pipe, and profiles; and forging into complex parts such 
as gears, wheels, sprockets, and cams (Strong, 1996) . 
Unlike other thermoplastics, UHMWPE can be thermally processed 
without additives or stabilizers because the long polar chains are resistant to 
scission. However, fillers and modifies are used to improve its properties. 
Graphite fibers, powdered metals, and glass fibers and beads improve stiffness, 
decrease deformation under load, and increase heat-deflection temperatures. 
Because of superior properties, UHMWPE can compete with rigid engineering 
plastics. Except for graphite and glass fibers, most additives decrease abrasion 
resistance and impact strength. 
Peroxide cross-linking enhances abrasion resistance and reduces 
deformation under load but affects impact strength and stiffness. Alloying 
improves heat resistance without significant loss of impact or abrasion resistance. 
Silicone oils and molybdenum disulfide reduce the already low coefficient of 
friction even further. 
2.1.2 Applications. 
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The principal applications of UHMWPE are in chemical processing, the 
food and beverage industries, foundries, the lumber industry, bulk materials 
handling, medical implants, mining, mineral processing, paper, recreational 
equipment, textiles, and transportation. In Italy and the United States, UHMWPE 
is used for highly efficient battery separators. A recent application is in very 
strong, light fibers made by gel spinning. 
Railcar manufacturers and maintenance engineers use UHMWPE as a liner 
to protect metal surfaces. Automobile assembly lines use UHMWPE parts to 
reduce energy costs, noise, and maintenance costs. Liners made of UHMWPE 
permit lightweight aluminum bulk trucks and trailers to haul sharp or abrasive 
cargo. Hoppers lined with UHMWPE have reduced the unloading time of 
freighters because UHMWPE is slippery and wear resistant. In the coal and 
electric utility industries, chutes, hoppers, bins, and conveyor rollers are lined with 
UHMWPE to prevent wet or frozen fines from sticking. 
In farm machinery, the replacement of heavy cast-iron sprockets, idlers, 
10 
wear plates, and wear shoes with UHMWPE parts cuts weight, reduces the need 
for lubrication, and lowers fabrication and maintenance costs. Automated 
foundries use UHMWPE liners to mix, convey, and store binder sand which sticks 
to most other surfaces. 
The life of sewage-treatment plants is extended significantly and energy 
costs are reduced by replacing cast-iron wear shoes, bearing, and sprockets with 
UHMWPE parts. 
In lumbering, UHMWPE is used for chute, sluice, and chain-drag liners. In 
sawmills, metal contact surfaces are replaced with UHMWPE to facilitate sliding 
without lubrication or rust staining. 
Radiation resistance of UHMWPE is better than that of many other 
thermoplastic and thermoset resins. It is also an effective neutron shield. As with 
other plastics, excessive doses eventually cause embrittlement; however, the 
threshold is high. 
The use of UHMWPE in food processing and handling is covered by FDA 
and USDA acceptance for meat, poultry, and food processing. The absence of 
additives permits application in pure water systems and in prostheses and other 
medical devices. 
In the U.S., UHMWPE is supplied by Himont U.S.A., Inc., Wilmington, 
DE, and Hoechst Celanese (HIC), Houston, TX. Standard grades from Himont 
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include 1900 UHMW polymer at 3.0 to 6.0 million molecular weight, and 1900 
CM, a compression-molding grade that contains an additive to enhance dry flow. 
(Stevens, 1990). 
2.2 Machining of Plastics 
Plastic parts are usually produced by moulding processes (Witwer, 1989). 
However, for small quantity production or for extremely complex or accurate 
shapes, machining is essential. It has proven rather difficult to machine all types of 
plastics successfully, owning to the many kinds and grades of plastics available and 
the lack of basic understanding of their machinability (Alauddin, Choudhury, 
Baradie & Hashmi, 1995). The machining characteristic of plastics appears to 
depend primarily on their mechanical, thermal and rheological properties 
(Kobayashi, 1981 ). 
Most machining methods depend on the use of existing machines and tools 
developed for wood and metals, and little has been done to develop cutting 
equipment or methods especially suitable for plastics. There are some important 
guidelines when considering machining of plastics (Muccio, 1991 ). 
1. Tools must be kept extremely sharp. Regular cutting tools with sharp 
cutting edges are acceptable for short runs, but tungsten carbide or diamond bit 
tools are recommended for long production runs. 
2. Adequate cutting tool clearance is essential. Dull tools and/or improper 
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clearance angles cause difficulty because of the resilient and elastic nature of the 
plastic. 
3. Measurements must be made with care. Compression can result in 
inconsistent measurement and dimensions can change up to 24 hours after 
machining has been completed. Localization of heat causes expansion in that area 
and results in overcuts and undercuts. 
4. Heat build-up must be minimized. Heat generated from the machining 
operation does not dissipate through the plastic workpiece as it does through 
metal. If the heat is not dissipated, the surface finish of the part can be affected 
when the temperature reaches the softening point. 
5. Fast tool speed and slow material feed is the general machining 
recommendation. Suggested parameters for machining UHMWPE are listed in 
Table 1. 
2.2.1 Material deformation durina= cuttina=. 
The deformation of the material being cut, ahead and beneath the tool 
varied with the rake angle of the tool. The work material is apt to be pulled up 
during cutting with a positive-raked tool and pushed down as the rake angle 
becomes zero or negative (Kobayashi, 1981). 
When elastic recovery occurs during machining, it interferes with the 
cutting action. This is because the expansion of compressed material causes the 
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friction to increase between the recovered cut surface and the relief surface of a 
tool. In addition to generating heat, this friction causes tool wear (Kobayashi). 
Table 1 UHMWPE Machining Guidelines (Muccio, 1991) 
Sawing Sawing Lathe 
(Circular) (Band) (Tum) 
Speed 1,650- 3,900- 600-
• (sfpm) 5,000 5,000 800 
Feed Fast, Fast, 0.0015-
(in./rev.) smooth smooth 0.025 
Tool Hss·· 
' 
HSS, HSS, 
carbide carbide carbide 
Clearance 15 15 to 
(deg.) 25 
Rake Oto 8 Oto 10 0 to 15 
(deg.) (positive) (positive) 
Cooling Dry, air Dry, air Dry, air jet, vapor jet, vapor jet, vapor 
* sfpm = surface feet per minute. 
** HSS =high speed steel. 
Lathe Drilling 
(Cutoff) 
425- 200-
475 600 
0.003- 0.004-
0.004 0.020 
HSS, HSS, 
carbide carbide 
15 to lOto 
25 20 
3 to 15 Oto 5 
(positive) (positive) 
Dry, air Dry, air 
jet, vapor jet, vapor 
Milling Reaming 
1,000- 280-600 
3,000 
0.06- 0.006-
0.020 0.012 
HSS, HSS, 
carbide carbide 
10 to 10 to 20 
20 
0 to 10 0 to 10 
(positive) (negative) 
Dry, air Dry, air jet, 
jet, vapor vapor 
Elastic recovery which occurs after machining also explains why holes 
drilled in plastic often become smaller than the diameter of the drill and why cut 
strips of material often pinch the cutting saw. 
2.3 Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) is a technique which records the 
energy necessary to establish zero temperature difference between a sample and a 
reference material against either time or temperature. The two specimens are 
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subjected to identical temperature conditions in an environment heated or cooled 
at a controlled rate (Hatakeyama and Quinn, 1994). In presently available DSC 
instruments, the heat flow is measured while keeping the sample and reference 
thermally balanced. The balance is achieved by changing the electrical current 
passing through the heaters under the two chambers for the sample and reference, 
respectively. 
From a physical chemistry point of view, a DSC is a technique that 
monitors enthalpy changes in a material as a function of temperature or time. The 
versatility of DSC stems from the fact that most chemical reactions and physical 
transformations result in an energy change. 
2.3.1 Applications of DSC technique in polymer research. 
DSC technique is commonly used to measure: 
(i) glassy transition temperature (T g); 
(ii) melting point (Tm); 
(iii) decomposition temperature (T J; 
(iv) crystallization time and temperature; 
(v) percent crystallinity; 
(vi) oxidative stability; 
(vii) rate of cure; 
(viii) degree of cure; 
(ix) reaction kinetics; 
(x) purity; 
(xi) thermal stability; 
(xii) boiling points. 
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DSC analysis can also be applied in the direct measurement of the energy 
absorbed or evolved in studies of: 
(i) heat of fusion; 
(ii) heat of vaporization; 
(iii) heat of crystallization; 
(iv) heat of reaction (including polymerization, oxidation, and combustion); 
(v) heat of decomposition (dehydration); 
(vi) heat of solution; 
(vii) heat of adsorption (desorption); 
(viii) specific heat and heat capacity; 
(ix) activation energy; 
(x) entropy of transition; 
(xi) solid-state transition energy. 
2.3.2 Sampling techniques for DSC. 
DSC instruments can analyze solid and liquid samples. Solid samples can 
be in foil, powder, crystal, or granular form. Materials such as polymer films can 
16 
be conveniently sampled by cutting out sections of the film with a standard paper 
punch or cork borer. Solid polymers can be sliced into thin sections with a razor 
blade or knife. A sample is placed in an aluminum pan which is sealed using a 
sample pan crimper (Hatakeyama and Quinn, 1994). 
The proper mass of sample depends upon the analysis objectives and may 
vary between 0.5 mg and 10 mg. 
Small samples: 
(i) permit higher scan speeds; 
(ii) yield maximum resolution and thus better qualitative results; 
(iii) yield most regular peak shapes; 
(iv) permit better sample contact with controlled atmospheres and better 
removal of decomposition products; 
(v) are recommended where the transition energy to be measured is very 
high. 
Large samples: 
(i) permit observation of small transitions; 
(ii) yield more precise quantitative measurements; 
(iii) produce large quantities of volatile products for detection by the 
effluent analysis system. 
2.3.3 Main structural factors affectin2 the meltin2 of polymers. 
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The percentage of crystallinity affected the melting temperature of 
semicrystalline polymers. As the crystallinity increases, the melting temperature of 
the polymer increases. 
Bhateja, Andrews, and Young (1983) demonstrated that the enhancement 
of crystallinity was found in both UHMWPE and normal linear polyethylene 
(LPE), and that it was accompanied by a rise on the peak melting temperature of 
the polymers as measured by differential scanning calorimetry (DSC). 
In another research, Bhateja, Yarbrough and Andrews (1990) found that 
the peak melting temperature of UHMWPE initially increased as the crystallinity 
rose, then decreased with further increase of crystallinity of UHMWPE during 
irradiation. They found that the drop in peak melting temperature was caused by 
the slow growth of thin lamellae at ambient temperature during irradiation. 
The net effect of increasing molecular weight is an increase in melting 
point. Increases in melting temperature are almost linear with an increase in 
molecular weight (Strong, 1996). It can be easily seen that the broader the 
molecular weight distribution the broader the melting temperature range. 
Modifying the molecular weight distribution (MWD) to control processing 
capabilities was used in UHMWPE. The nature of the polymerization process 
usually results in a narrow MWD (Strong, 1996). The material does not function 
well in extrusion and related processes requiring a high melt strength. Its 
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processing temperature is very high, but even more important for these processing 
methods, the material has little melt strength because by the time all of the 
molecules are melted, they are free moving. Any attempt to lower the temperature 
slightly to get more melt strength results in freezing. In other words, the 
temperature range for operating is just too narrow. This problem has been 
effectively solved by adding a lower molecular weight polyethylene. This second 
material acts as the low-melting lubricant which is similar to the behavior of broad 
MWD material. 
2.4 Understanding the Wear of UHMWPE in Artificial Joints 
During 1958 - 1960, Professor Sir John Chamley introduced his low 
friction arthroplasty (LF As) of the hip using a stainless steel femoral component 
and an unfilled polytetrafluoroethylene (PTFE) acetabular cup. A total of some 
300 replacement hip joints were implanted utilizing a PTFE acetabular cup and a 
stainless steel femoral component (Chamley, Kamangar & Longfield, 1969). 
However, the PTFE components unfortunately exhibited severe wear. The 
metallic femoral heads penetrated in the full radial thickness of the polymeric 
acetabular cups within 3 years. 
In 1962, professor Charnley adopted ultra-high molecular weight 
polyethylene (UHMWPE) as the socket material. This material has now been used 
almost exclusively in total replacement joints for nearly 30 years since then 
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(Dowson & Wallbridge, 1985). The relief of pain and increase in mobility of 
patients produced by this procedure has made it one of the most common major 
surgical procedures today. It is estimated that the number of prostheses implanted 
annually reaches 500,000 worldwide (Fisher & Dowson, 1991). 
Clinical studies have monitored the in vivo performance of these implants 
and have shown that during the first ten years after implantation less than ten 
percent require revision surgery (Wroblewski, 1986). However, with devices 
being used in ever younger and more active patients, the demands on these 
procedures are always being increased. If the surgical procedure is successful and 
the prosthesis correctly located without any infection of the tissue surrounding the 
device, the long term wear and instability of the polymer component may be the 
cause of failure for the prosthesis. 
The wear of UHMWPE and the generation of wear debris are now 
recognized as important factors in the long-term performance of artificial joints. 
The penetration of UHMWPE wear debris along the bone implant interface 
stimulates cellular activity, which in turn mediates bone resorption. It is likely that 
such tissue reactions contribute to the loosening of prosthetic components, pain 
and the need for revision operations. This has prompted renewed interest in 
laboratory tests and simulator studies ofUHMWPE wear, with different material 
combinations (Rieu, Rachat, Rakke, Rambert, Charbral, & Robelet, 1991; 
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Abdallah & Treheux; 1991). However, these studies show a large variation in the 
wear rates of UHMWPE and the reduced wear rates reported with certain material 
combinations are not always substantiated in other studies. 
2.4.1 The main causes of mechanical failure. 
While clinical failures are difficult to define, main causes of mechanical 
failure are loosening of the component, fracture of the femoral stem and body 
reaction to wear debris (Swanson, 1978, Hirsch, 1974, Willert & Semlitsch, 1977; 
Dumbleton, 1977). Loosening may be a consequence of excessive wear and creep 
in the polyethylene sockets. The femoral ball can then penetrate into the socket 
causing impingement of the femoral stem on the inside edge of the cup. This 
results in a lever effect and increased shear forces at the bone-socket interface 
(Atkinson, Dowson, Isaac, & Wroblewski, 1985). Thus, it is important to 
investigate the wear and deformation of the polyethylene sockets in vivo. 
The polymer wear and wear debris produced in the joint capsule can have 
two major effects on the long term function of the prosthesis. Firstly, ifthe wear 
of the polymer allows the metal or ceramic femoral head to penetrate into 
acetabular cup, the neck of the femoral component can impinge on the rim of the 
acetabular cup leading to loosening (Atkinson, Dowson, Isaac & Wroblewski, 
1985). Moreover, although the bulk UHMWPE is considered biocompatable, the 
polymer wear debris released into the tissue immediately surrounding the 
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biomaterial can cause a foreign body reaction (Clarke & Campbell, 1988; Howie, 
Vernon-Roberts, Oakeshott & Manthey, 1988; Willert & Semelitsch, 1977). 
Macrophage cell activity acts to engulf the polymer particles. These activated 
macrophages have been shown to stimulate cellular reactions that lead to loss of 
the bony tissue near the implant. If the cell activity becomes excessive, substantial 
bone can be lost until the prosthesis becomes loose leading to pain and the need for 
a revision operation. 
Currently there is a great deal of interest in minimizing the tissue reaction 
created by wear debris. Therefore, efforts are needed for reducing the volume of 
UHMWPE wear debris. To achieve long term success of total replacements, the 
wear of the polymer must be kept to a minimum. 
2.4.2 The effect of transfer film on the wear of lubricated UHMWPE. 
Cooper, Dowson & Fisher (1993 a) studied the effect of transfer film on 
the wear of lubricated UHMWPE. In their study, sliding wear tests were carried 
out on unidirectional pin-on-disc machines and a pin-on-plate linear reciprocator 
with UHMWPE pins on 316 stainless-steel with different surface roughness 
lubricated by bovine serum and deionized water. The authors concluded that 
different wear rates were related to the formation of UHMWPE transfer film on 
the counter surface of stainless steel. The formation of transfer film changed the 
surface roughness of the counterface, affected the wear of UHMWPE. 
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1. The initial surface roughness has a significant effect on wear volume. 
When the metal surface is smooth (Ra in the order of O.Olµm), the formation of 
transfer film makes the counterface rougher, Thus, wear volume increased 
monotonically with increased sliding distance. This effect of roughness was much 
stronger in reciprocating tests than pin-on-disk tests. When the metal surface is 
relative rougher (Ra greater than 0.03µm), the formation of transfer film smoothed 
the counterface and cause the decrease of wear rate of UHMWPE. 
2. A lubricant containing protein can generally reduce the amount of 
polymer transfer (Cooper, Dowson & Fisher, 1993 a; Kumar, Oka, Ikeuchi, 
Shimizu, Yamamuro, Okumura & Koloura, 1991; Weightman & Light, 1986). No 
transfer film was found with serum as a lubricant, the surface roughness remained 
unchanged after the tests and the wear rate was constant. 
2.4.3 The influence of contact stress on the wear of UHMWPE. 
Although the geometry of the total replacement hip prosthesis is now very 
well established as a metal or ceramic ball articulating in a UHMWPE cup, the 
stresses that the polymer cup was subjected to during normal patient activity 
fluctuated considerably. Different size femoral head and more significantly 
different degrees of conformity between the cup and the ball can produce different 
stresses in the polymer even ifthe prosthesis is subjected to the same magnitude of 
load (Jin, Dowson & Fisher; 1994; Paul, 1967). Moreover, the load cycle 
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produced by relatively simple activities such as walking has been shown to 
fluctuate between zero and four times the body weight of a patient (Ellis & 
Seedholm, 1979). Other everyday activities such as climbing stairs, running or 
standing up from a chair can cause peak forces up to six times the patient's body 
weight (Derbyshire, Fisher, Dowson, Hardaker & Brummitt, 1994). 
Full simulation of joint forces and motions in hip joint simulators is 
extremely complex (Rostoker & Galante, 1979) and the measurement of the 
effects of contact stresses on wear has not been very successful. In simplified wear 
tests two studies by Rose, Goldfarb, Ellis & Crugnola (1983) and Mckellop, 
Clarke, Markolf & Amstutz (1978) have shown that the wear rate increases 
exponentially with load or contact stress. In other words, the more conventionally 
used wear factor (wear volume per unit load, per unit sliding distance) increases 
with applied contact stress. These studies have been widely quoted to justify the 
reduction of the stress in the UHMWPE component of joint replacements. In one 
of these tests (Rose, Goldfarb, Ellis & Crugnola, 1983) a metal disc on a polymer 
block was used with distilled water as lubricant. It has been shown that this 
produces polymer transfer film on the counterface that can have a dramatic effect 
on the polymer wear rate (Cooper, Dowson & Fisher, 1993 b ). In the second 
study a metallic ball was slid over a polymer plate in the presence of a biological 
lubricant that was shown to prevent the build up of a transfer film. In this test 
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configuration the contact zone moves over the polymer, which is believed more 
representative of knees rather than hips. In another study (Barbour, Barton & 
Fisher, 1995) the more widely used polymer pin-on-plate was used with serum 
lubrication at a lower stress range (3.45 and 6.90 MPa) and the wear factor was 
found to be constant. The polymer pin on plate test configuration is thought to be 
a more representative simulation of the hip joint where the contact area is 
contained to one part of the UHMWPE acetabular cup. While the metal pin on 
polymer plate test configuration is considered more representative of the knee 
(Barbour, Barton & Fisher). 
Recently, Barbour, Barton & Fisher (1995) examined the relationship 
between the wear of UHMWPE and the applied contact stress utilizing 
experimental wear testing techniques representative of the conditions in a hip 
replacement. An elastic-plastic finite element analysis has been used to predict the 
actual stress and plastic strain at the interface between UHMWPE specimens and 
the metallic counterfaces under the test conditions. The analysis has shown that 
the contact stress distribution in a polymer pin of the truncated cone type is non-
uniform and can be significantly different from the nominal value. Reciprocating 
pin-on-plate wear tests showed a tendency for wear factor to decrease as the 
nominal stress on the pin contact face is increased for a pin under a constant 
compressive stress. If the load was large enough, the edge of the contact face was 
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deformed plastically and the contact stress distribution became more uniform. The 
experimental results showed that the wear factors tend to decrease as the amount 
of plastic strain over the surface of the pins increased when the distribution of 
contact stress becomes more uniform. However, the models assumed ideal flat 
and smooth surface which did not occur in a real contact situation. The real 
surface topography of both UHMWPE pin and the metal counterface may 
influence the actual contact stress, strain and hence the wear process. 
2.4.4 Sliding speed, lubricant and materials. 
1. Considering the normal walking pace of patients, the sliding speeds of 
all the wear tests ofUHMWPE for prosthesis use were about 10 cm s· 1 • 
2. Deionized water and bovine serum were used in researches as 
lubricants. 
3. Materials used as the counterface of UHMWPE wear tests were metals, 
ceramics and surface hardened metals. The purpose of using ceramics and 
hardened metals is to develop a femoral head material which is able to resist the 
scratch of its surface to minimize the wear debris produced mainly by third-body 
wear. 
3.1 Materials 
CHAPTER III 
METHODOLOGY 
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In this research, the UHMWPE and a stainless alloy cut from an artificial left 
knee femoral component was supplied by Osteonics, Allendale, NJ. UHMWPE was 
supplied in block with a cross section of 61 x 78.7 mm (2.4 x 3.1 in). 
3.2 Machining Procedure and Parameters 
3.2.1 Machining procedure. 
A South Bend turret mill machine was used to perform machining in the 
production laboratory in the School of Technology at Eastern Illinois University. 
The cutters were two-lipped type. A rough cutter and a final cutter were supplied 
by Osteonics to machine the UHMWPE. 
Before machining, the mill was completely cleaned to avoid any 
contamination on the chips and specimen during machining. The spindle speed 
was calibrated using an METEK model 1726 digital tachometer before each cut. 
The tool feed rate and depth of cut was also be calibrated before each cut. 
The machining procedure was divided into rough cut and final cut. All 
rough cuts have identical parameter settings with a cutting speed of 4.65 m s·1 
(3500 rev. min-1), a tool feed rate of 14.82 mm s·1 (35 in/min.) and a depth of cut 
of 1.27 mm (0.05 in). 
l_ 
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UHMWPE blocks were cut to blocks of 25.4 x 61 x 78.7 mm (1 x 2.4 x 3.1 
in) blocks using a saw. Then the blocks were milled to the dimension of 22.2 x 55.9 
x 73.7 mm (0.875 x 2.2 x 2.9 in) using the two-lipped end mill rough cutter. 
The final cut was performed on the 22.2 x 73.7 (0.875 x 2.9 in) surface. 
Before final cut, each surface was roughed using the two-lipped end mill final 
cutter. When final cut was performed, machined chips were collected. 
3.2.2 Machining parameters for final cut. 
Experiments were designed to set the variables at five equally separated 
~ levels while holding the other two variables with constant values. Testing 
conditions used by Osteonics , i.e, spindle speed of 8000 rev. min.-1 (rpm), tool 
feed rate of 16.93 mm s-1 (40 in. /min.) and depth of cut of 0.2 mm (0.008 in) were 
considered as a reference when parameters in this research were designed. 
Table 2 shows the testing conditions for studying the effect of cutting speed 
on the surface structure and properties of UHMWPE. In Table 2, five different 
cutting speeds in the range from 0.665 m s-1 (500 rev. min.-1) to 5.985 m s-1 (4500 
rev. min.-1) were used while holding tool feed rate and depth of cut constant. 
Table 3 lists the testing conditions for investigating the effect of tool feed 
rate. Tool feed rate varies from 2.117 mm s-1 (5 in min.-1) to 14.82 mm s-1 (35 in 
min.-1) rate. The cutting speed was kept as 5.32 m s-1 (4000 rev. min-1) and the 
depth of cut 0.2032 mm (0.008 in). 
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Specimen Machining Parameters 
ID 
Cutting Speed Tool Feed Rate Depth of Cut 
(m s-1) (mm s-1) (mm) 
RI 0.665 (500 rpm) 8.47 (20 in/min.) 0.2032 (0.008 in) 
R2 1.995 (1500 rpm) 8.47 (20 in/min.) 0.2032 (0.008 in) 
R3 3.325 (2500 rpm) 8.47 (20 in/min.) 0.2032 (0.008 in) 
R4 4.655 (3500 rpm) 8.47 (20 in/min.) 0.2032 (0.008 in) 
R5 5.985 (4500 rpm) 8.47 (20 in/min.) 0.2032 (0.008 in) 
Table 3. Machining Conditions for Tool Feed Rate Effect. 
Specimen Machining Parameters 
ID 
Cutting Speed Tool Feed Rate Depth of Cut 
(m s-1) (mm s-1) (mm) 
Fl 5.32 (4000 rpm) 2.117 (5 in I min.) 0.2032 (0.008 in) 
F2 5.32 (4000 rpm) 5.29 (12.5 in I min.) 0.2032 (0.008 in) 
F3 5.32 (4000 rpm) 8.47 (20 in I min.) 0.2032 (0.008 in) 
F4 5.32 (4000 rpm) 11.64 (27.5 in I min.) 0.2032 (0.008 in) 
F5 5.32 (4000 rpm) 14.82 (35 in I min.) 0.2032 (0.008 in) 
Table 4 lists the machining conditions for study on depth of cut effect. In 
this experiment, cutting speed and tool feed rate were kept as 5.985 m s-1 (4500 
rev. min.-') and 8.47 mm s-1 (20 in min.-1), respectively. The depth of cut was 
0.0508, 0.127, 0.2032, 0.508 and 1.016 mm, respectively. 
Table 5 shows the machining conditions to study the effect of chip size. The 
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purpose of this test was to obtain the same dimension of chip cross section. The 
height of the chip was approximately equal to the depth of cut (0.2 mm), while the 
chip thickness was about equal to tool feed rate I (2 x spindle speed), i.e., 0.0635 
mm. 
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Specime Machining Parameters 
nID 
Cutting Speed Tool Feed Rate Depth of Cut 
(ms-1) (mm s·1) (mm) 
Dl 5.985 (4500 rpm) 8.47 (20 in I min.) 0.0508 (0.002 in) 
D2 5.985 (4500 rpm) 8.47 (20 in I min.) 0.127 (0.005 in) 
D3 5.985 (4500 rpm) 8.47 (20 in I min.) 0.2032 (0.008 in) 
D4 5.985 (4500 rpm) 8.47 (20 in I min.) 0.508 (0.02 in) 
D5 5.985 (4500 rpm) 8.47 (20 in I min.) 1.016 (0.04 in) 
Table 5. Machining Conditions of Chip Size Effect*. 
Specimen Machining Parameters 
No. 
Cutting Speed Tool Feed Rate Depth of Cut 
(ms-1) (mm s·1) (mm) 
Sl 0.665 (500 rpm) 1.058 (2.5 in/min.) 0.2032 (0.008 in) 
S2 1.995 (1500 rpm) 3.175 (7.5 in/ min.) 0.2032 (0.008 in) 
S3 3.325 (2500 rpm) 5.29 (12.5 in/min.) 0.2032 (0.008 in) 
S4 4.655 (3500 rpm) 7.41 (17.5 in/min.) 0.2032 (0.008 in) 
S5 5.985 (4500 rpm) 9.53 (22.5 in/min.) 0.2032 (0.008 in) 
*Chip thickness was kept to 0.0635 mm (0.0025 in). 
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3.3 Real Time Temperature Measurement 
Real time temperature was studied on two specimens with extremely 
different machining conditions. One specimen was machined with a cutting speed 
of 5.985 m s-1 (4500 rev. min.-1), a tool feed rate of 9.5 mm s-1 and a depth of cut 
of 0.2 mm. The other had a cutting speed of 0.665 m s-1 (500 rev. min.-1), tool 
feed rate of 1 mm s-1 and depth of cut of 0.2 mm. 
Figure 1 shows the location of thermocouples in the specimens. 
Thermocouple positions were measured before and after machining to ensure the 
precise location of the holes as show in Table 6. Type J high sensitivity 
thermocouples (OMEGA-TECJI0-9) were used. All thermocouples were 
connected to a four channel data acquisition system, which was programmed with 
scanning speed of 2000 scans s-1• 
3.4 Differential Scanning Calorimetry (DSC) Analysis 
DSC analysis was performed with a Du Pont 2000 DSC differential 
scanning calorimeter. Machined UHMWPE chips were used as samples for the 
following reasons: 1) There is a direct relationship between molecular structure of 
machined chips and that of sub-surface layer in the machined UHMWPE; 2) Chips 
are more uniform in both dimension and structure than those of thin flakes of 
subsurface layer cut from machined UHMWPE; 3) There is no damage on the 
tested parts, and 4) Chips are easier to obtain, which can facilitate the DSC 
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Figure 1 Thermocouple positions in the UHMWPE specimen during machining. 
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application to product monitoring in the manufacturing process. 
T bl 6 Th a e 1 ermocoup e positions d . urmgmac hi . rung 
Specimen No. Thermocouple Positions (Measured after machining) 
and their 
Distance from the final cut Machining Depth Distance 
Parameters of surface (mm) between 
holes thermocouple 
(mm) centers (mm) 
h di d2 d3 d4 SI S2 
H (cutting speed: 11.0 0.61 1.27 1.88 2.51 2.51 2.51 
4500 rev. min:', tool (0.433 in) (0.024 in) (0.05 in) (0.074 in) (0.099 in) (0.099 in) (0.099 in) 
feed rate: 9.53 
mm/sec. and depth of 
cut0.2 mm) 
L (cutting speed: 11.2 0.61 1.27 1.75 2.67 3.06 2.37 
500 rev. min:', tool (0.441 in) (0.024 in) (0.05 in) (0.069 in) (0.036 in) (0.121 in) (0.094in) 
feed rate: 0.94 
mm/sec. and depth of 
cut0.2 mm) 
The chips were pressed into a disk using an UHMWPE die under the 
pressure of 1 7.4 MPa for 4 seconds. Then DSC samples were cut from the disk. 
The sample mass was in the range of 5 to 10 mg. The heating rate for DSC was 
10 °C/min. Temperature range was from room temperature to 170 °C. DSC 
analysis of chips in the same group was performed in the same DSC calibration 
period, within three days after machining. 
3.5 Materials Hardness 
Durometer hardness test was performed on a Durotronic Model 2000 
tester with type D indentor according to ASTM standard D2240-91. Five 
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Durometer hardness values were taken for each machined surface within 24 hours 
after machining. As shown in Figure 2, five points for hardness testing were in the 
center line of the surface with a distance of 10 mm between each other. 
3.6 Surface Texture Analysis 
Surface roughness was measured using a Surfcom 120A surface texture 
measuring system controlled by Profile View software. The system has a light 
force transducer suitable for polymer surface evaluation. The measuring 
parameters include a filter cutoff of 0.8 mm, an evaluation length of 4.0 mm, 
traverse length of 4.87 mm and vertical resolution of 0.0009 µm. 
In the study on machining effect on surface roughness, nine values of the 
surface roughness were measured on each of the machined surface. The locations 
of the tested area were shown in Figure 3. 
In study of machining effect on tribological behavior, the surface profiles of 
metal pins and UHMWPE plates were measured before and after the sliding test. 
Depths of wear grooves on the UHMWPE plates were identified after wear test. 
The surface texture in dry sliding track was observed using a BUEHLER Versamet 
3 optical microscope. 
3.7 Tribological Tests 
3.7.1 Reciprocating friction and wear test. 
Dry sliding test was carried out on a pin on plate reciprocating wear testing 
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machine. The pin was loaded at 10.63 N (1085 g). The actual contact surface was 
an ellipse with a long axis of 1.5 mm and a short axis of 0.85 mm. The nominal 
contact pressure was about 10.6 MPa. The peak sliding velocity was 0.135 m s-1 
with a stroke length of 25. 7 mm. The reciprocating frequency was 100 cycles per 
minute. The coefficient of friction was monitored by two load cells. The signals 
from the two transducers were recorded through two channels using a high speed 
data acquisition system controlled by a Lab VIEW virtual instrument (VI) program. 
Scan rate was 2000 scans a second. An average 50 data points were used to 
smooth the data. Fig. 4 shows the main level of reciprocating wear tester and the 
forces acting on it. The following equation holds at any time during the test: 
(1) 
where F 1 is the force read by load cell 1, F 2 is the force read by load cell 2, f is the 
friction force between metal pin and UHMWPE plate. L is the length of the main 
beam. Equation (1) can be reorganized as: 
(2) 
Thus, Equation (2) can be used to measure the friction force and to calculate the 
coefficient of friction. The load cells were preloaded with a force larger than half 
of the maximum frictional force anticipated in the test. One of the advantages 
from the two load cell configuration is that it compensates automatically any effect 
of temperature change on the load cell. 
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Fig. 4 Schematic diagram of main beam of reciprocating wear tester and forces 
acting on it. 
3.7.2 Sample preparation for tribolo2ical study. 
The dimensions of UHMWPE wear plate used to study the effects of 
machining on tribological behavior is shown in Fig. 5. 
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Metal pins were cut from artificial femoral knee components from the 
portion designed to make contacts with UHMWPE bearing cup. Before wear 
tests, metal pins and UHMWPE samples were cleaned. The cleaning, testing and 
measuring procedure were as following: 1) clean in ultrasonic cleaner in deionized 
water for 5 minutes; 2) clean in ultrasonic cleaner in iso-propyl alcohol for 10 
minutes; 4) measure the surface profile of pins and UHMWPE plates; 5) wear 
testing and 6) measure the surface profile of pins and UHMWPE plates after wear. 
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Wear surface 
Fig. 5 Schematic diagram ofUHMWPE wear plate. 
CHAPTER IV 
PRESENTATION AND INTERPRETATION OF DATA 
4.1 Effects of Machining on Structure and Property of UHMWPE 
4.1.1 Temperature rise during machining. 
39 
Figure 6 shows the temperature rise during machining at a cutting speed of 
0.665 m s·1 (500 rev. min:1), tool feed rate of 1.06 mm s·1 and depth of cut of 0.2 
mm. The measured maximum temperature rise decreased from ChO to Ch3. The 
maximum temperature rise on ChO was 5.27 °C. A half peak temperature duration 
is defined between the time from which temperature rose to 50% of the peak 
temperature and the time the temperature fell down to 50% of peak temperature. 
The half peak duration of the temperature rise for ChO was 12.2 seconds. 
Temperature in Chl rose about 2 seconds earlier than that of ChO. This was 
caused by the low tool feed rate. According to Table 6, the distance between ChO 
and Chl is 2.37 mm. It is noted that the mill cutter reached above Chl about 2 
seconds before it reached above ChO. There was a second peak of 0.27 °C in 
curve for ChO. This is due to second pass of mill cut across the thermocouple 
position of ChO. The time difference between first peak and second peak is 24.4 
seconds, which is very close to the time that the whole mill cut passed above ChO 
(23.7 seconds). 
Figure 7 shows the temperature rise during the machining for a cutting 
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Figure 6 Temperature rise in UHMWPE subsurface during machining. 
Machining parameters: Cutting speed: 0.665 ms -l (500 rev. min. -l ), 
Tool feed rate: 1.06 mm s -I , and depth ofcut: 0.2 mm. 
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Figure 7. Temperature rise in UHMWPE subsurface during machining 
Machining parameters: Cutting speed: 5.985 ms -l (4500 rev. min. -l ), 
tool feed rate: 9.53 mms -l , anddepthofcut: 0.2mm. 
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speed of 5.985 m s·1 (4500 rev. min.1), tool feed rate of9.53 mm s·1 and depth of 
cut of 0.2 mm. The maximum temperature rise measured in Ch 0 was 1.39 °C. 
The half peak temperature duration for Ch 0 was only 9 .3 seconds. The 
temperature decreased from Ch 0 to Ch 3 because the distances between 
thermocouples and the surface increased. For Ch 0, the time for temperature to 
reach its peak was 2.25 seconds which approximately equaled to the time that the 
mill cutter passed the distance of its own width. 
Figure 8 summarizes the peak temperature rise at different distance from 
the final cut surface during machining. The maximum temperature rise decreased 
with increasing distance from surface. The maximum temperature rise for cutting 
speed of 0.665 m s·1 (500 rev. min:1), tool feed rate of 1.06 mm s·1 and depth of 
cut of 0.2 mm was 5.27 °C at a location 0.61 mm underneath the surface. At 
higher cutting speed and tool feed rate, the temperature rise was only 1.39 °C. In 
other words, the temperature rise at higher cutting speed was lower than that at 
lower cutting speed. This can be explained by the friction between the recovering 
machined surface and the relief surface of cutter, which depends on the elastic or 
viscoelastic recovery ofUHMWPE after cutting. There is less recovery time at 
higher cutting speed and tool feed rate. Thus, at a lower cutting speed and tool 
feed rate, the friction between recovering machined surface and the relief surface 
of the cutter is higher than that at a higher cutting speed and tool feed rate. 
6.0 
~ 5.0 
~ 4.0 
l 30 
<!) 2. 0 
E-< 
s § 
·- 1.0 ~ 
::;s 
0.0 
0.5 1.0 
--0- Cutting Speed: 500 rev. min. -l, 
Tool Feed Rate: 1.06 mm s-1, 
Depth of Cut: 0.2 mm. 
--e- Cutting Speed: 4500 rev. min.°C, 
1.5 
Tool Feed Rate: 9.53 mm s-1, 
Depth of Cut: 0.2 mm. 
2.0 2.5 
Distance from Machined Surface ( mm ) 
43 
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Figure 8 Variation of maximum temperature rise with the distance from machined surface. 
The temperature rise due to machining was very small. Moreover, the 
temperature rise duration was very short, in the order of 10 seconds. Thus, the 
thermal degradation in the machining process could be minimum. 
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4.1.2 The effect of machining on melting enthalpy and crystallinity of 
UHMWPE. 
Fig. 9 shows variation in heat of fusion as a function of cutting speed. The 
point of zero cutting speed is for unmachined UHMWPE. It is noted that melting 
enthalpy decreased after UHMWPE was machined. Melting enthalpy decreased as 
cutting speed increased. 
The crystallinity of polymers can be calculated as 
C=hrlhr, 
where hr' is the heat of fusion of 100% cystalline material. The value of hr' was 
taken as 291 Jig (Bhateja, Yarbrough & Andrews, 1990) for UHMWPE. That is, 
the crystallinity of unmachined UHMWPE was 43.5%. The crystallinity of 
machined UHMWPE chips dropped to 41.4% after UHMWPE was machined with 
cutting speed of 0.665 m s-1 (500 rev. min.-1), tool feed rate of 8.4 7 mm s-1 and 
depth of cut of 0.051 mm. As the cutting speed increased, the crystallinity of 
machined UHMWPE chips decreased slightly. The crystallinity was 40.9 % for 
machined UHMWPE chips at a cutting speed of 5.985 m s-1 (4500 rev. min.-1). 
4.1.3 The Effect of Machining on Melting Temperature 
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Fig. 9 Effect of cutting speed on melting enthalpy of UHMWPE machined chips. 
The point of zero cutting speed is for unmachined UHMWPE. 
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Figure 10 shows the effect of cutting speed on the onset melting 
temperature of machined chips of UHMWPE. The tool feed rate and depth of cut 
were held at 8.47 mm s·1 and 0.2 mm, respectively. The onset melting temperature 
decreased monotonically as the cutting speed increased. The total decrease in 
onset melting temperature was approximately 1 °C, when cutting speed increased 
from 0.655 to 5.985 m s·1 (500 to 4500 rev. min:1). 
The change in melting temperature of the machined polymer indicates the 
structural change caused by machining operation. Each machined chip can be 
divided into two portions: structure unchanged and structure affected by 
machining. The extent of machining affected part in a chip is related to shear rate 
during cutting. Machining generates heat, breaks down molecular chains and thus 
decreases molecular weight of polymers. Moreover, the crystallinity in the 
deformed layer underneath the machined surface was decreased. All those 
structural changes caused decrease in the melting temperature of the polymer. As 
the cutting speed increased, the shear rate increased and more damage occurred on 
the subsurface layer of the polymer. Thus, the melting temperature of machined 
polymer decreased with increasing cutting speed. 
The effect of tool feed rate on melting temperature of machined UHMWPE 
is shown in Fig.11. As the tool feed rate increased, the onset melting temperature of 
machined UHMWPE increased. When tool feed rate increased from 2.1 mm s·1 to 
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Fig. 11 Effect of tool feed rate on melting temperature on machined UHMWPE. 
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14.8 mm s·1, the onset melting temperature increased from 123.5 °C to 125.1 °C. 
The relationship between depth of cut and melting temperature is illustrated 
in Fig. 12. The cutting speed and tool feed rate were held at 5.98 m s·1 (4500 rev. 
min:') and 8.46 mm s·1, respectively. The onset melting temperature of machined 
UHMWPE increased as the depth of cut increased. 
Melting temperature of machined UHMWPE chips may be related to chips in 
both chip size and structure. As shown in Fig. 13, the length of a chip is 
approximately equal to the width of machined surface, or 22.2 mm, and the height 
of a machined chip is equal to depth of cut. The thickness of a chip approximately 
equals to tool feed rate divided by twice of cutting speed. Increasing chip size will 
mainly increase the volume of unchanged structure. Because melting temperature of 
unchanged material is higher than that of material affected by machining, decrease in 
machined chip size could decrease the melting temperature of machined UHMWPE. 
In other words, the decrease in melt temperature as shown in Fig. 10 is a combined 
result of damage caused by machining and decrease in chip dimension. The 
increases in melting temperatures as shown in Figs. 11 and 12 were attributed to a 
combined effect of structrure degradation and increase in chip size. However, the 
increase in chip size dominated the degradation in Figs. 11 and 12. 
4.1.4 Change in Melting Temperature for Chips of Constant Thickness 
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Fig. 12 Effect of depth of cut on melting temperature of machined UHMWPE. 
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Fig.13 Schematic diagram of chip formatiom. 
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In order to isolate the net effect of machining from the effect of chip size 
increase, an experiment was performed with a constant ratio of cutting speed to feed 
rate so that the chip thickness can be maintained constant. Fig. 14 shows the 
variation of melting temperature with increasing cutting speed while the ratio of 
cutting speed and feed rate was constant. It is noted that the onset melting 
temperatures decreased as the cutting speed and tool feed rate increased in this case. 
This decrease in melting temperature was a net effect of polymeric structural 
change. This fact suggests that the decrease in melting temperature due to 
structural change caused by increased cutting speed is significant. 
4.1.5 Effect of Machining Parameters on Surface Roughness 
Fig. 15 shows the relationship between surface roughness and cutting speed 
of machined UHMWPE. As the cutting speed increased, the surface roughness was 
improved. Thus, in order to improve surface finish of UHMWPE, a higher cutting 
speed is desirable. 
Fig. 16 illustrates the effect of tool feed rate on the surface roughness of 
machined UHMWPE. The surface roughness increased as the tool feed rate 
increased. A lower tool feed rate is recommended to improve the surface roughness 
of the polymer. 
Fig. 17 shows the relation between depth of cut and surface roughness. 
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Fig. 14 Variation of onset melting temperature with machining conditions while 
the geometrical dimensions of chips were maintained identical. 
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Fig. 16 Effect of tool feed rate on the surface roughness of machined UHMWPE. 
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When depth of cut was less than 0.2 mm, ~ decreased as depth of cut increased. 
When depth of cut was in the range from 0.2 mm to about 0.5 mm, ~increased as 
depth of cut increased. When depth of cut was larger than 0.5 mm, ~was almost 
unchanged as depth of cut increased. It is concluded that there is an optimum depth 
of cut to improve the surface finish of UHMWPE. In this case, the optimum depth 
of cut is 0.2 mm. 
4.1.6 Effect of Machining Parameters on Material Hardness 
Fig. 18 shows the variation of Durometer hardness of machined UHMWPE 
with (a) cutting speed, (b) tool feed rate and (c) depth of cut. As machining 
parameter changes, the change in hardnesses was not significant. 
4.2 The Effects of Machining on Tribological Behaviors of UHMWPE 
4.2.1 Coefficient of Friction 
Fig. 19 shows a typical variation in coefficient of friction recorded for metal 
pin on UHMWPE plate reciprocating dry sliding test. The coefficient of friction 
showed reciprocating nature. The positive coefficient of friction was recorded in the 
first half cycle of the reciprocating sliding process. The negative coefficient of 
friction was recorded in another half cycle of the reciprocating sliding process. The 
curve is very symmetrical. Moreover, the coefficient of friction varied in each half 
cycle. The coefficient of friction was the highest at the beginning of each half cycle 
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Fig. 18 Variation ofDurometer hardness of machined UHMWPE with (a) cutting speed; 
(b) tool feed rate; and ( c) depth of cut. 
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Fig. 19 Variation in coefficient of friction in the initial 5 seconds of reciprocal dry sliding test 
of metal pin on machined UHMWPE plate. Machining conditions include a cutting speed 
of3.49 m s-1 (3500 rpm), tool feed rate of7.4 mm s-1 anddepthofcutof0.2 mm. 
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while it became the lowest at the end of each half cycle. It is believed that static to 
dynamic friction transitions happened at the beginning of each half cycle, while 
dynamic to static friction transitions occurred at the end of each half cycle. 
Fig. 20 shows the variation in average coefficient of friction of metal pin on 
UHMWPE plate machined with different cutting speeds. The tool feed rate was 
8.47 m s·1 and depth of cut 0.2 mm. Coefficient of friction increased as the sliding 
time increased. Coefficients of friction were in the range of 0.12 to 0.15 at the very 
beginning of tests. In the initial 60 seconds, coefficient of friction increased very 
quickly. Then, the coefficient of friction increased slowly. It could also be seen that 
no significant correlation was found between cutting speed and coefficient of 
friction. 
Fig. 21 summarizes the effect of depth of cut on coefficient of friction. The 
cutting speed and tool feed rate were held at 4.49 m s·1 and 8.47 mm s·1 , 
respectively. Coefficients of friction were taken immediately after one hour of test. 
It is noted that there was no significant correlation between depth of cut and 
coefficient of friction. 
Fig. 22 shows the variation in the coefficient of friction with cutting speed or 
tool feed rate when the same ratio of cutting speed and tool feed rate was 
maintained. The depth of cut was at 0.2 mm in this experiment. Coefficient of 
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Fig. 22 Variation in coefficient of friction with cutting speed or tool feed rate when a 
constant ratio of cutting speed to tool feed rate was kept. 
friction was also taken immediately after one hour of sliding test. It is noted that 
coefficient of friction decreased as the cutting speed or tool feed rate increased 
while the same ratio of the cutting speed and tool feed rate was kept. 
4.2.2 Machining Effects on Wear of UHMWPE 
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Fig. 23 shows the variations of wear factor of machined UHMWPE as a 
function of cutting speed. It could be seen that wear factor decreased as cutting 
speed increased while holding tool feed rate and depth of cut at 8.47 mm s-1 and 0.2 
mm, respectively. In other words, as cutting speed increased, the wear resistance of 
machined UHMPWE increased. 
The wear of the subsurface layer of machined UHMWPE depended on two 
major factors: the structure of the subsurface layer and the surface texture after 
machining. Fig. 24 illustrates a model of surface texture created by a two-lipped 
milling cutter. The texture was composed of asperity peaks formed by forward cut 
and backward cut. The base angle equals to the end cutting edge concavity angle of 
the milling cutter. The distance between two neighboring peaks equals to tool feed 
rate divided by twice of cutting speed. If the ratio of cutting speed to tool feed rate 
was doubled, the distance between two neighboring peaks decreased to half of the 
initial distance as shown by the dashed lines. The surface texture is therefore 
improved. Surface profile measured after machining showed agreement with the 
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Fig. 23 Effect of cutting speed on wear factor of machined UHMWPE. 
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66 
67 
model in Fig. 24. 
It is noted from Fig.10 that the onset melting temperature ofUHMWPE 
decreased as cutting speed increased. According to the discussion in section 4.1.3, 
more mechanical degradation occurred at higher cutting speed. Thus, the higher the 
cutting speed, the weaker the material of the subsurface layer could be. Therefore, 
higher cutting speed would lead to a higher wear factor from structural damage 
perspective. However, higher cutting speed results in shorter peak distance as 
shown in Fig. 24, i.e., more peaks per unit length. As a result, the apparent contact 
area between metal pin and UHMWPE plate increased. This caused the contact 
pressure or the microscopic stress decrease, which led to a lower wear. According 
to Fig. 23, the wear factor is controlled more by change in surface texture than by 
change in subsurface structure. 
Fig. 25 shows the variations in wear factor of machined UHMWPE with 
cutting speed or tool feed rate while a constant ratio of cutting speed to tool feed 
rate was maintained. As shown in Fig. 24, the surface texture should be the same 
when the ratio of cutting speed to tool feed rate was held identical. Thus, the 
change of wear factor was mainly attributed to the structural change due to 
machining. It could be seen from Fig. 14 that as cutting speed increased the onset 
melting temperature also decreased, which is consistent with the results in Fig. 10. 
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Fig. 25 Variation in wear factor of machined UHMWPE under machining 
conditions which kept the same ratio of cutting speed to tool feed rate. 
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In other words, more mechanical degradation occurred as cutting speed increased 
The result showed that higher cutting speed caused more mechanical degradation, 
which led to lower wear resistance of machined UHMWPE. 
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Fig. 26 summarized the effect of depth of cut on wear factor and surface 
roughness of machined UHMPWE. There is a consistent relationship between wear 
factor and surface roughness (Ra). When depth of cut was less than 0 .12 7 mm, wear 
factor and Ra decreased as depth of cut increased. When depth of cut was in the 
range from 0.127 mm to about 0.5 mm, wear factor and~ increased as depth of cut 
increased. When depth of cut was larger than 0.5 mm, wear factor and~ remained 
almost unchanged as depth of cut increased. It is concluded that better surface 
finish led to better wear resistance when other conditions were kept the same. 
There is an optimum depth of cut for the best wear resistance and surface finish of 
UHMWPE. 
4.2.3 Study of the Wear Mechanism 
The wear mechanism could be understood by relating the tribological 
behavior of machined UHMWPE to tribological inputs and outputs. Tribological 
inputs included materials system, microgeometry, environment, sliding speed and 
normal pressure. In this study, metal pin, environment, sliding speed and normal 
pressure were identical. Thus, the main variables were microgeometry and 
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Fig. 26 Effect of depth of cut on wear factor and surface roughness of machined UHMWPE. 
Cutting speed and tool feed rate were 4.489 m s -l and 8.47 mm s -l , respectively. 
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subsurface structure of UHMWPE. They were affected by machining conditions 
including cutting speed, tool feed rate and depth of cut. A dynamic interface was 
formed by the contact between metal pin and UHMWPE plate. The contact was 
made by microgeometric points, and stress and strain were localized near 
contacting points, which resulted in adhesion and subsurface plastic deformation. 
With the cumulation of the damage by adhesion and plastic deformation, cracks 
were initiated and propagated beneath the surface. When cracks reached the 
surface, materials were removed in the form of wear debris. However, because 
dry sliding test only lasted for one hour in this study the amount of UHMWPE 
removed due to cutting and crack propagating was very minimum. Plastic 
deformation, adhesion and material flow were the main causes of micro geometry 
change. 
Optical microscope observation was conducted on sliding track on 
UHMWPE plate to understand the wear mechanism governing the tribological 
behavior of machined UHMWPE. Fig. 27 shows the boundary area between 
sliding track and unaffected area of UHMWPE machined with a cutting speed of 
3.99 m s-1 ( 4000 rev. min.-1), tool feed rate of 8.47 mm s-1 and depth of cut of 
0.127 mm. It can be seen from the micrograph that there are peaks and valleys 
similar to what has been modeled in Fig. 24. The distance between neighboring 
Boundary between sliding track and unaffected area 
Peak area became wider from boundary 
to the center of sliding track 
Plough grooves 
on peak area 
Reciprocating] 
direction 
.. 
Unaffected area 
.. 
0.1 nrn 
Distance between 
each peak 
0.05nm 
Fig. 27 Optical micrograph showing the boundary area between sliding track and 
unaffected area on machined UHMWPE block. Machining conditions: cutting 
speed: 3.99 m s·1 (4000 rev. min:1), tool feed rate: 8.47 mm s·1 (20 in/min.) and 
depth of cut: 0.127 mm (0.005 in). 
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asperity peaks was 0.06 mm, which approximately equals to 0.0635 mm calculated 
by tool feed rate divided by twice of cutting speed. In the sliding track, peaks 
became plateaus with plough grooves. Valleys can be identified in the area which 
did not have plough grooves. Therefore, no contact with metal pin happened in 
valleys. Peak areas or plateaus with plough grooves were the result of plastic 
deformation. Adhesive wear was the main mechanism in this initial stage of 
sliding. The contact produced high stress in the center area of sliding track and 
lower stress at the boundary area of sliding track. This stress was shown by the 
fact that the width of the plough groove became wider from the boundary to the 
center of the track as shown in Fig. 27. 
Fig. 28 shows the optical micro graphs of the center area of the sliding 
track. Fig. 28 (a) had the same machining conditions as Fig. 27 whereas Fig. 28 
(b) had the machining conditions of cutting speed of 3.99 m s-1 (4000 rev. min.-1), 
tool feed rate of 8.4 7 mm s-1 and depth of cut of 0.0508 mm. It can be seen in Fig. 
28 (b) that the valleys in the center area of sliding track were almost gone. Valleys 
were wider for UHMWPE machined with depth of cut of 0.127 mm as shown by 
Fig. 28 (a). Deeper plough grooves also can be seen in Fig. 28 (b) than in Fig. 28 
(a). Those evidences showed that UHMWPE machined by depth of cut of 0.0508 
mm had higher stress and severe wear during dry sliding than that machined by 
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.. Peak area 
...... 1---- Valley 
Valley 
Fig. 28 Optical micrograph of the center area of sliding track of machined 
UHMWPE. Machining conditions: cutting speed: 3.99 m s-1 (4000 rev. min:1), 
tool feed rate: 8.47 mm s-1 (20 in/min.) and depth of cut: (a) 0.127 mm (0.005 in), 
(b) 0.0508 mm (0.002 in). 
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depth of cut of 0.127 mm had. This fact agreed with the results in Fig. 26 in that 
UHMWPE machined using depth of cut of 0.127 mm had the lowest wear factor. 
As discussed in the previous section, there was a consistent relationship between 
wear factor and surface roughness (Ra). It can be concluded that depth of cut 
affected the surface texture. There was an optimum depth of cut which led to the 
best surface finish. Larger micro-contact area was expected on this surface. Thus, 
lower stress and strain were expected to lead to lower wear. 
Fig. 29 is an optical micrograph showing the central area of sliding track on 
UHMWPE plate machined with a constant ratio of cutting speed to tool feed rate. 
Fig. 29 (a) had a cutting speed of 1.5 m s-1 (1500 rev. min.-1) and tool feed rate of 
3 .17 5 mm s-1 whereas Fig. 29 (b) had a cutting speed of 4.49 m s-1 ( 4500 rev. min. -
1) and tool feed rate of 9.525 mm s-1• The depth of cut was 0.2032 mm for both 
cases. Deep plough grooves and some valley area can be seen along sliding 
direction in Fig. 29 (a). Surface was much more flat in Fig. 29 (b) than that in Fig. 
29 (a). No deep plough grooves can be seen in Fig. 29 (b). Cutting valley area 
was totally gone. Which indicates that surface texture created by machining was 
almost worn away. It can be seen that peaks on UHMWPE machined with higher 
cutting speed or tool feed rate were worn away faster than the peaks on 
UHMWPE machined with lower cutting speed or tool feed rate. That is, 
Reciprocating 
direction 
Reciprocating 
direction 
0.1 mm 
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.. Valley 
Fig. 29 Optical micrograph in the center of sliding track of UHMPWE plate 
machined with a constant ratio of cutting speed to tool feed rate. (a) Cutting 
speed of 1.5 m s·1 (1500 rev. min:1) and tool feed rate of 3.175 mm s·1; (b) cutting 
speed of 4.49 m s·1 (4500 rev. min:1) and tool feed rate of 9.525 mm s·1• The 
depth of cut was 0.2032 mm for both cases. 
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machining using lower cutting speed or tool feed rate produced surface of higher 
wear resistance. The wear surface texture of optical micrographs agreed with 
what discussed in the previous section that higher cutting speed caused more 
mechanical degradation, which led to lower wear resistance of machined 
UHMWPE. 
CHAPTERV 
CONCLUSIONS 
78 
The following conclusions were made according to the study of the effects 
of machining on structure and tribological properties of ultra high molecular 
weight polyethylene for UHMWPE artificial joint prostheses. 
1. Real time temperature measurement showed that temperature rise 
during cutting of UHMWPE was small. The temperature rise observed under the 
studied machining conditions was no more than 6°C and the half peak duration for 
temperature rise was less than 13 seconds. Therefore, thermal degradation of the 
polymer caused by machining could be minimum. 
2. When the same ratio of cutting speed and tool feed rate was kept, 
higher cutting speed and tool feed rate showed lower temperature rise on the 
UHMWPE. 
3. Machining caused a decrease in crystallinity of subsurface UHMWPE. 
4. Increase in cutting speed decreased in both crystallinity and melting 
temperature of machined UHMWPE. 
5. Cutting speed had significant effect on structure changes in machined 
UHMWPE. The higher the cutting speed, the more damage was caused by 
machining on the polymeric structure. 
6. Increase in tool feed rate and depth of cut resulted in the rise of onset 
melting temperature of machined UHMWPE. That was the result of chip size 
increase and the minimum machanical degradation of machined UHMWPE. 
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7. Surface roughness of machined UHMWPE was improved as the cutting 
speed increased. As the tool feed rate increased, Ra increased. There was an 
optimum depth of cut for the best surface roughness, which was 0.2 mm under 
studied conditions. 
8. The Durometer hardness did not change significantly as the machining 
parameters varied. 
9. Coefficient of friction for metal pin on UHMWPE had static and 
dynamic characteristics during the reciprocal dry test. At the beginning of each 
half cycle, coefficient of friction was higher than average showing static to 
dynamic transition. At the end of each half cycle, coefficient of friction was lower 
than the average showing dynamic to static transition. 
10. The average coefficient of friction increased quickly in the first 60 
seconds. Then it increased very slowly. The initial coefficient of friction was in 
the range from 0 .12 to 0 .15. After one hour of wear test, the coefficient of friction 
was in the range from 0.17 to 0.23. 
11. No significant correlations were found between depth of cut, cutting 
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speed and coefficient of friction. 
12. Increase in cutting speed damaged the subsurface structure of 
machined UHMWPE. Wear factor decreased as cutting speed increased if tool 
feed rate was unchanged. Wear factor increased as cutting speed increased when 
the ratio of cutting speed to tool feed rate was kept identical. 
13. There was an optimum depth of cut for the best surface roughness 
which led to the lowest wear factor. The optimum depth of cut was about 0.2 mm 
under conditions studied. 
14. Optical micrograph analysis showed that severe plastic deformation 
and deformation flow occurred in the subsurface of machined UHMWPE at the 
early stage of dry sliding. 
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